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I.  INTRODUCTION 


A  recent  measurement*  of  the  rate  for  the  near-resonant  electronic 
energy-transfer  reaction 

Bi(4S3/2)  +  NF*(a*A)  — *Bi*(2D3/2)  +  NF(X3L)  (AE  =  16  cm'1)  (1) 

-9  3  -1  -1 

has  yielded  a  value  of  1  x  10  cm  molecule  sec  ,  corresponding  to  a 

•  2 

thermally  averaged  cross  section  =200  A  ,  which  is  much  greater  than 
gas  kinetic.  The  theoretical  problem  posed  by  this  result  is  that  the  elec¬ 
tronic  transitions  involved  in  this  process  are  both  strongly  dipole  forbidden 
(A2j  =  31  and  1  sec  for  the  Bi  and  NF  transitions,  respectively).  Thus, 
the  model  of  interacting  transition  dipoles,  usually  employed  for  such 
processes,  cannot  account  for  the  observed  efficiency.  In  this  report,  we 
discuss  an  alternative  model,  based  on  potential  surface  crossings  at  large 
interparticle  distances,  which  successfully  accounts  for  the  observed  rate. 

An  understanding  of  these  processes  is  important  for  several  reasons. 
Transfer  reactions,  e.  g..  Reaction  (1),  are  the  basis  for  the  recently  de- 
veloped  metastable  transfer  emission  spectroscopy  technique,  which  is  a 
powerful  method  for  determining  trace  components  in  gas  mixtures.  A 
similar  reaction, 

l(2P3/2)  +  Oz*(a1A)— ►  I*(ZP1/2)  +  02(xV)(AE  =  279  cm"1)  (2) 

4 

is  the  basis  for  the  chemically  pumped  02>I  transfer  laser.  In  order  to 
optimize  the  performance  of  this  system  and  analogous  potential  laser 
systems,  it  is  necessary  to  be  able  to  model  the  dependence  of  the  key 
transfer  step.  Reaction  (2),  on  such  parameters  as  energy  defect,  reactant 
states,  and  gas  temperature. 
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The  inadequacy  of  the  transition  dipole-dipole  interaction  mechanism 
was  previously  pointed  out  by  Breckenridge  and  co-workers^  for  the  case 
of  Cd*-NO  and  Zn*-NO  energy  transfer.  They  suggested  an  alternative 
mechanism,  such  as  direct  or  charge-transfer  curve  crossing,  as  an 
explanation.  A  similar  model  has  been  proposed  by  Setser  and  co-workers 
for  quenching  of  metastable  rare-gas  atoms.  In  this  report,  NF*-Bi  and 
O^*-!  transfer  processes  are  discussed  in  terms  of  a  mechanism  of  this 
type. 


II.  SURFACE  CROSSINGS  IN  NF*-Bi 


The  electronic  energy  levels  associated  with  the  low-lying  states  of 
Bi  and  NF  are  shown  schematically  in  Fig.  1.  These  states  will  effect  a 
variety  of  triatomic  potential  surfaces  at  small  Bi-NF  distances;  in  addi¬ 
tion,  a  strongly  attractive  surface  will  result  from  the  Bi+  -  NF”  charge- 

transfer  state.  This  attractive  ionic  surface  will  cut  through  the  neutral 

4  1  ?  % 

surfaces  arising  from  Bi(  S)  +  NF(  A)  and  Bi(  D)  +  NF(  £)  at  a  Bi-NF 
separation  Rq  given  by 

U(Rq)  =  [I.  P.  (Bi)  -  E.  A.  (NF)]  -  Eexc  (3) 

where  I.  P.  is  ionization  potential,  E.A.  is  electron  affinity,  and  E^xc  is  the 
energy  of  the  electronically  excited  levels  (1.42  eV).  The  interaction  poten¬ 
tial  U(R),  in  this  point- charge  approximation,  includes  contributions  from 
both  coulomb  attractive  and  charge- induced-dipole  terms,  and,  thus  is 
given  by 

U(R)  =  -  x  "  (4) 

R 

In  order  to  find  Rq,  we  need  to  know  the  ionization  potential  of  bismuth,  the 
electron  affinity  of  NF,  and  the  polarizability  a  of  the  most  polarizable 
species  in  the  system,  which  will  be  the  negative  ion  NF”.  The  ionization 

7 

potential  of  Bi  is  known  spectroscopically  to  be  7.  28  eV,  but  the  other  two 

8 

quantities  are  not  experimentally  determined.  An  ab  initio  calculation 
gives  E.A.  (NF)  »0.  6  eV;  we  accept  this  value  because  the  ionization  poten¬ 
tial  of  NF,  calculated  from  the  same  wave  functions,  is  13.  2  eV,  in  excellent 

o 

agreement  with  the  experimental  value  (13.  1  eV),  The  polarizability  of 


RIBi-NF),  A 


Fig.  1.  Low-Lying  Electronic  States  of  Bi  and  NF  and  Attractive 
Curve  Resulting  from  Interaction  of  Bi+  and  NF“ 
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NF  is  taken  to  be  slightly  larger  than  that  of  O^,  ^  i.  e. ,  2  X  10 cml 
Combining  Eqs.  (3)  and  (4),  we  obtain 


=  7.  28  -  0.  6  -  1. 42  eV 


=  5.  26  eV 
=  8.  43  X  10  *2  erg 


The  required  value  of  Rq  is  2.  95  A,  which  is  much  too  small  to  account  for 
the  observed  efficiency  of  Reaction  (i).  The  corresponding  cross  section, 

o  2 

27  A  ,  is  nearly  an  order  of  magnitude  smaller  than  the  measured  cross 
section.  Thus,  the  charge-transfer  surface  cannot  be  important  in  the  non- 
adiabatic  surface-crossing  process,  and  we  focus  attention  instead  on  the 
direct  crossing  of  the  two  surfaces  correlating  with  NF*(a  *>  +  Bi(S/2) 
and  with  NF(X3L)  and  Bi*(2D3/2). 

A  schematic  representation  of  these  surfaces,  at  a  fixed  N-F  distance, 

is  shown  in  Fig.  2.  The  symmetries  of  the  intermediate  nonlinear  Bi-NF 

complexes  must  be  determined  from  adiabatic  correlation  rules.  *  *  Since 

the  heavy  atoms  are  in  a  j- coupled  limit  (only  one  spin-orbit  component 

interacts  with  each  molecular  state),  Hund's  Case  C  coupling  is  appropriate 

for  the  complex.  For  Bi(  +  NF(*A),  ^A'  and  ^A"  surfaces  will  be 

obtained.  The  Bij^D^^)  +  NF(  S)  interaction  will  result  in  ^A',  ^A",  2A', 

and  2A"  states.  Thus,  multiple  surface  crossings  are  possible.  Attention 

is  focused  on  one  possible  crossing,  shown  in  Fig.  2,  in  order  to  estimate 

the  crossing  distance  R  . 

o 

The  leading  term  in  the  long-range  potential  between  these  two  species 
will  be  the  dipole-induced-dipole  interaction. 
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Fig.  2.  Avoided  Crossing  of  Bi-NF*  and  Bi*-NF  Potential  Surfaces. 
The  adiabatic  surface  sections,  shown  as  dotted  lines,  lie 
in  the  region  indicated  by  the  circle  in  Fig.  1. 
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(5) 


U(  R)  a  ^(NFHBi) 

R5 

The  dipole  moments  and  polarizabilities  are  needed  for  both  the  NF  and  Bi 
ground  and  electronically  excited  states.  We  take  or(Bi)  [Z  =  83]  ss  2  X  o(I) 

[Z  =  53]  2:  2  X  (5.  1  X  10_24cm3)12  ~  iO'23  cm3  and  o(Bi*)  ~3  X»(Bi)~ 

23313  1  14 

3  X  10  cm  .  The  dipole  moment  of  NF(a  A)  has  been  measured1’  to 

- 19  8 

be  0.  37  D  =  3.  7  x  10  esu-cm.  The  previously  cited  calculation 

gives  p(NF32)  -  p(NF^2)  =  0.  24  D.  We,  thus,  take  p(NF3S )  cs  6.  1  X  10~  ^ 

esu-cm  (the  experimental  value  is  not  known).  With  the  use  of  these  values, 

R  was  estimated  from 


e  - 1 

— c  (p^o  +  pa*)  =  16  cm 

R 

=  3.  18  X  10"15  erg 

where  the  *  refers  to  the  property  of  the  electronically  excited  species. 

O 

With  the  above  values,  it  is  found  that  Rq  cs?  8  A,  corresponding  to  a  cross 
section  of  200  A2. 

The  agreement  of  this  calculated  value  with  the  experimental  one 
«  2 

(200  A  )  is,  of  course,  fortuitous.  Most  of  the  parameters  used  to  deter¬ 
mine  this  value  are  rough  estimates,  and  the  experimental  value  itself  has 
an  error  bracket  of  ±50%.  Nevertheless,  the  fact  that  the  two  numbers  are 
the  same  indicates  that  the  basic  model  for  the  process  is  essentially 

correct.  This  model  also  accounts  satisfactorily  for  the  roughly  five  times 

15 

smaller  rate  for  the  similar  exchange  process 

x*(2pi/2)  +  NF^A) — ►  l(2P3/2)  +  NF*(b1E+)(AE  =  110  cm"1)  (6) 
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The  explanation  is  simply  that  the  larger  energy  de£ect  in  Reaction  (6) 
results  in  a  smaller  crossing  distance  Rq  and  a  correspondingly  smaller 
transfer  cross  section. 
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HI.  NEAR- RESONANT  ELECTRON  ENERGY  TRANSFER 

IN  02*-I  SYSTEM 


4 

The  successful  demonstration  of  the  02*-I  transfer  laser  system 
has  provided  a  strong  motivation  for  understanding  near-resonant  electronic 
energy-transfer  processes,  such  as  the  excitation  transfer.  Reaction  (2).  A 
model  for  this  process  similar  to  that  employed  for  the  NF*-Bi  system  is 
considered,  and  Landau- Zener  theory  is  then  used  to  estimate  a  temperature 
dependence  for  the  rate  of  this  reaction. 

A.  POTENTIAL  SURFACE  CROSSINGS 

The  electronic  energy  levels  associated  with  the  low-lying  states  of 
I  and  0_  are  shown  schematically  in  Fig.  3.  As  in  the  NF*-Bi  case  treated 

^  _  4. 

earlier,  a  charge-transfer  surface  (arising  from  I  and  O^  )  will  intersect 

the  neutral  surfaces  (arising  from  I*  +  O,,  I  +  O  *).  The  crossing  distance 

^  ^  1  £ 

Rq  is  estimated  from  Eqs.  (3)  and  (4),  with  I.  P.  (O^)  =  12.06  eV, 

E.  A.  (I)  =  3.  06  eV,  17  and  E  *  0.  94  eV  [since  I.  P.  (I)  =  10.  45  eV, 7  and 

1 6)  €XC  ^  ^ 

E.A.  (02)  =  0.  5  eV,  the  surface  arising  from  I  +  O^”  lies  as  1  eV  above 
that  from  I  +  0_+,  and  thus  intersects  the  I*-0,  surfaces  at  an  even 

1  _  O  3  |  Q 

smaller  RqJ.  The  polarizability  of  I  is  6.  2  A  .lo  Thus,  we  have 


2 

2-2-  =  12.06  -  3.  06  -  0.  94  eV 

R4 
o 

=  8.  06  eV 
=  1. 29  X  10'11  erg 

or  a  value  of  R  =  2.  5  A.  Whereas  this  does  yield  an  estimate  of  the  cross 

°  19-21 

section  for  Reaction  (2)  in  agreement  with  the  experimental  value  of 

15  A^,  it  is  more  likely  that  the  process  is  dominated  by  the  direct  surface 

crossing  at  larger  Rq,  as  shown  in  Fig.  3. 
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(I  +  02  I ' 


n1S0)+O2+(27Tg) 


2  3 


rii-o2i,  a 


Fig.  3.  Low-Lying  Electronic  States  of  I  and  O-  and  Attractive 
Curve  Resulting  from  Interaction  of  1"  and  O^, 
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For  I  +  none  of  the  species  has  a  permanent  dipole  moment,  so 

that  the  leading  term  in  the  long-range  interaction  is  the  London  dispersion 
17 

energy 


UAB<R>  =  '  I 


(IP)A(IP)B 
<IP>A  +  <IP>B 


Vb 

IT 


(7) 


From  the  adiabatic  correlation  rules,  **  it  is  found  that  the  interaction  of 

I*(2Pj  *2)  02|32~)  resu^ts  *n  ant*  surfaces,  whereas  l(2P^2)  + 

O-,*  (a*A  )  results  in  several  2A’  and  ^A".  Thus,  the  avoided  crossing  will 
2  '  g/  2 

be  between  surfaces  of  A*  symmetry.  A  suggested  model  for  the  crossing 
region  is  shown  in  Fig.  4. 

The  surface  sections  Uj(R)  and  U2(R),  shown  in  Fig.  4,  are  given  by 
Eq.  (7),  with  the  appropriate  molecular  parameters.  In  order  to  find  the 
required  ionization  potentials,  it  is  necessary  to  subtract  the  correct  exci¬ 
tation  energy; thus, 

I.P.(02*)  =I.P.(Oz)  -  E^A) 

=  12.06  eV15-  0.98  eV  =  11.08  eV 


and 


i.p.(i*)  =i.p.(d  -  e(2p1/2) 

=  10.  45  eV7  -  0.  94  eV  =  9.  51  eV 

The  polarizability  of  C>2  i®  1.  6  X  10-24  cm3;10  we  take  ar(C>2*)  -  20(0,)  ~ 
3.  3  X  10~24  cm3.  *3  The  polarizability  of  an  I  atom  is  5.1  X  10"^4  cm3.  ** 
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U(R),  cm 


Fig.  4.  Avoided  Crossing  of  I-O2*  and  I*-C>2  Potential  Surfaces, 
The  adiabatic  surface  sections,  shown  as  dotted  lines, 
lie  in  the  region  indicated  by  the  circle  in  Fig.  3. 
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Since  the  P  ^ ,  state  is  a  spin- orbit  component  with  the  same  configuration 

as  the  ground  PP3/2)  state,  we  take  or(I*)  only  slightly  larger  than  or(I),  via., 
-24  3  J/ 

6x  10  cm  .  These  choices  give 


Ut(R)  =  - 


1.095  X  10~42  cm-1 


(8a) 


and 


U2(R)  =  - 


6. 1 7  x  10-43  cm  * 


(8b) 


with  R  in  cm. 


To  find  R2,  we  set  U4(R^)  =  U^(R^)  +  279  cm  *,  which  gives 


iw  luiu  9  w c  ocv  ;  t  t*  17  v.111  ,  wiuk.u 

o  10  c  o  0  2 

R  =  3.  45  A.  The  cross  section  irR2  is,  thus,  37.  4  A  ,  compared  to  the 
0  19-21  a  2 

experimental  value  ”  of  (15  ±  5)  A  .  A  more  precise  comparison  of  this 
model  with  experiment  requires  the  use  of  Landau- Zener  theory  for  the 
actual  surface-crossing  efficiency,  which  is  discussed  in  the  following 
section. 


B.  CALCULATION  OF  MAGNITUDE  AND  TEMPERATURE 
DEPENDENCE  OF  EXCITATION  TRANSFER  PROBA¬ 
BILITY  IN  1  +  Q=* 

22  23 

The  Landau- Zener  model  '  has  been  widely  used  to  calculate  non- 

adiabatic  curve-crossing  probabilities  in  molecular  collisions.  Several 
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reformulations  of  the  model  have  recently  been  presented;  ’  the  model 
has  also  been  compared  with  the  method  of  analytic  continuation  across  a 
crossing  seam.  The  quantities  pertinent  to  this  model  are  defined  in 
Fig.  5.  "Splitting"  of  the  adiabatic  surfaces  in  the  vicinity  of  Rq  is  identified 
as  Vj ^ .  As  the  system  approaches  on  surface  1,  the  probability  of  remain¬ 
ing  on  that  surface  is  given  by 
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/  2"IVI2I2  \ 

PLZ  =  exp  \-  h"|u;  -  U'lv)  (< 

where  Uj  =  dU^(R)/dR ,  U'  =  dU^tRJ/dR ,  and  v  is  the  relative 
velocity  of  the  colliding  spe'cies  (1  and  O^,  in  this  case).  Since  a  net  tran¬ 
sition  from  surface  1  to  surface  2  requires  two  traversals  of  the  region 
shown  in  Fig.  5,  with  the  system  "crossing"  on  one  passage  and  following 
the  adiabatic  surface  on  the  other,  the  net  probability  of  excitation  transfer 
is 


Pl2<v>  =  2PLZ  ^  "PL,Z* 

The  thermally  averaged  transfer  cross  section  is  then 

(v)  f  (v)  vdv 

q(t)  =  «r0  — ("> 


with  f(v)  given  by  the  Maxwell-Boltzmann  velocity  distribution, 
f  (v)  dv  =  4ir  «*p("  v2dv 


(12) 


For  the  0,-1  system  considered  here,  with  U.(R)  and  U  (R)  given  by 

£»  e  1  _ 


-5 


10" 5  dyn. 


so  that 
Since  there  is  no 


Eqs.  (8a, b),  U'  =  2. 43  X  10  dyn,  U'  =  1.40  X 
|Ui  -  U '  |  ~  10“^  dyn,  evaluated  at  R  =  3.45  x  10  ®  cm. 

1  «  O  ^  i 

value  for  V^,  estimates  of  10,  30,  and  100  cm  are  used  (i.  e. ,  of  the 

order  of  the  London  dispersion  interaction  itself).  The  reduced  mass  p  of 
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the  I-O2  collision  pair  is  4.  24  X  10  g. 


The  results  of  a  numerical  integration  of  Eq.  (11)  are  shown  in  Fig.  6. 
It  is  clear  that  a  value  of  -  30  cm'1  gives  the  correct  magnitude  for  the 
cross  section,  whereas  estimates  much  above  or  much  below  this  figure  lead 
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to  gross  underestimates.  The  temperature  dependence  predicted  by  this 

model  is  particularly  striking.  The  temperature  variation  in  Q(T)  over 

the  entire  temperature  range,  100  to  500  K,  is  smaller  than  the  stated  uncer- 
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tainty  in  the  measured  value  at  300  K.  Thus,  before  embarking  on 

an  experimental  program  designed  to  measure  this  temperature  dependence, 
it  would  be  advisable  to  reduce  the  experimental  uncertainties  in  the  room- 
temperature  measurement,  in  order  to  obtain  meaningful  results. 

The  performance  of  the  C^-I  transfer  laser  is  a  function  of  the  excita¬ 
tion  transfer  reaction.  Reaction  (2),  and  the  quenching  reaction 


I*(ZP1/2)  +  °2<alA>— “  I(2p3/2)  +  °2(bl£g) (AE  =  2364  cm_1)  (13) 

The  rate  of  this  reaction  is  reported^**'  to  be  k,,  =  1.  6  X  10***  cm3 

-1  -1  -19  2  1 i 

mole  sec  ,  or  Q(300  K)  a:  5  X  10  cm  .  Whereas  a  calculation  similar 

to  the  foregoing  could  be  attempted  for  the  quenching  cross  section,  the 
many  uncertainties  in  the  required  molecular  parameters  would  make  the 
calculation  of  such  a  small  cross  section  of  doubtful  significance.  Qualita¬ 
tively,  it  is  found  that  cross  sections  of  this  type,  with  magnitudes  much 

q  2  27 

less  than  1  A  ,  are  steeply  rising  functions  of  temperature.  Thus,  it  is 

suspected  that  the  efficiency  of  the  C^-I  transfer  laser  will  be  improved  by 

operation  at  reduced  temperatures,  with  the  small  increase  in  the  transfer 

cross  section  (shown  in  Fig.  6)  being  accompanied  by  a  much  larger  relative 

decrease  in  that  for  the  quenching  reaction.  Reaction  (13). 


IV.  REFINEMENTS  TO  MODEL 


In  this  report,  a  simple  surface -crossing  model  is  discussed,  which 
accounts,  at  least  qualitatively,  for  the  efficiencies  of  such  near -resonant 
electronic-energy-transfer  processes  as  the  excitation  of  Bi  by  NF*, 
Reaction  (i),  or  of  I  by  O^*,  Reaction  (2).  A  more  exact  quantitative 
treatment  would  involve  integration  of  classical  collision  trajectories  on 
an  assumed  set  of  potential  surfaces,  with  the  probability  of  crossing  from 
one  electronically  adiabatic  surface  to  another  given  by  a  Landau- Zener , 


Eq.  (9),  or  equivalent  expression.  Such  surface-hopping  trajectory  calcu¬ 
lations  have  been  successfully  carried  out  for  such  systems  as  H+  +  H^,2^ 
H+  +  D,,  28  I,  +  rare  gas  (-*>21  +  rare  gas),  29»  30  N,(B3n  )  +  Ar 
[— A^)  +  Ar],  and  He£  +  Ne.  In  order  to  describe  such  energy- 
transfer  processes  as  Reactions  (1)  or  (2),  a  surface-hopping  inelastic  tra¬ 


jectory  calculation  would  have  to  be  carried  out.  For  such  a  calculation  to 
be  meaningful,  much  more  accurate  potential  surfaces  will  be  required  than 
the  simple  models  that  were  used  in  this  study.  Such  surfaces  can,  in 


principle,  be  constructed  by  a  method  such  as  that  of  diatomics  in 
33 


molecules.  If  such  surfaces,  along  with  improved  accuracy  in  experi¬ 
mental  measurements  of  these  rates,  were  available,  then  a  calculation  of 
these  rates  by  surface -hopping  inelastic  trajectories  would  be  warranted. 
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LABORATORY  OPERATIONS 

The  Laboratory  Operation*  of  The  Aerospace  Corporation  is  conducting 
experimental  and  theoretical  investigation*  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver¬ 
satility  and  flexibility  have  been  developed  to  a  high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel¬ 
opments  is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophvslcs  Laboratory:  Launch  and  reentry  aerodynamics,  heat  trans¬ 
fer,  reentry  physics,  chemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric  optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  specie*  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effect*  on  materials,  lubrication  and  surface  phenomena,  photo¬ 
sensitive  materials  and  sensors,  high  precision  laser  ranging,  and  the  appli¬ 
cation  of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine, 

Electronics  Research  Laboratory:  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  including  plasma  electromagnetics:  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi¬ 
conducting,  superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging:  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metal 
matrix  composites  and  new  forms  of  carbon;  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor¬ 
rosion  and  fatigue-induced  fractures  in  structural  metals. 

Space  Sciences  Laboratory:  Atmospheric  and  ionospheric  physics,  radia¬ 
tion  from  the  atmosphere,  density  and  composition  of  the  atmosphere,  auroras 
and  airglow;  magnetospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields:  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  end 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia¬ 
tions  in  space  on  space  systems. 
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